Grating-based phase-contrast computed tomography (gbPC-CT) is a promising imaging method for imaging of soft tissue contrast without the need of any contrast agent. The focus of this study is the increase in spatial resolution without loss in sensitivity to allow visualization of pathologies comparable to the convincing results obtained at the synchrotron. To improve the effective pixel size a super-resolution reconstruction based on subpixel shifts involving a deconvolution of the image is applied on differential phase-contrast data. In our study we could achieve an effective pixel sizes of 28μm without any drawback in terms of sensitivity or the ability to measure quantitative data.
INTRODUCTION
The conventional form of computed tomography using X-ray attenuation without any contrast agents is of limited use for the characterization of soft tissue in many fields of medical and biological studies. Gratingbased phase-contrast computed tomography (gbPC-CT) is a promising alternative imaging method solving the problems of soft tissue contrast without the need of any contrast agent. 1 The combination of high resolution and high sensitivity already showed convincing results at the synchrotron.
2 While high sensitivity measurements are possible using conventional x-ray sources the spatial resolution does often not fulfill the requirements for specific imaging tasks, such as visualization of pathologies. 3 The focus of this study is the increase in spatial resolution without loss in sensitivity.
GRATING-BASED PHASE-CONTRAST IMAGING
For the exploitation of the real part of the refractive index several techniques are known. Besides methods like crystal interferometry, propagation-based imaging and analyzer-based imaging, grating interferometry is used for phase-contrast measurements. In-detail explanations of these methods are presented in several publications.
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Some of these methods directly access the phase-shift ∆Φ but there are also approaches which only measure a spatial derivative of ∆Φ such as a Talbot Lau interferometer which is used in the presented work.
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The measurements in this study have been realized using a grating-based phase-contrast computed tomography setup located at the chair for biomedical physics at the Technical University Munich which is optimized for soft tissue imaging.
A rotating anode generates the x-rays used in a three grating Talbot Lau interferometer for the differential phase measurements. Different detectors can be used for the data acquisition. During the data-acquisition one of the three gratings is scanned perpendicular to the grating-lines over a total distance of one period. From the measurements at the different grating positions a stepping-curve is derived for each pixel.
From the pixel-wise stepping curves the three image modalities attenuation, phase-shift and darkfield signal can be extracted by analyzing mean-value, phase-shift and visibility of the curve compared to a referencemeasurement. 
APPROACHES TOWARDS HIGH RESOLUTION IMAGING
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Detector Position A Position B a 2a b Figure 2 . Illustration of the two setup geometries evaluated to increase the resolution. At position A, only geometric magnification is used. An oversampling approach is applied with the sample located at position B which is further away from the source. The effective pixel size and the influence of source magnification resulting in source blurring are the major differences between the two configurations.
The most common method to achieve high resolution is to exploit the geometric magnification effect. By placing the sample closer to the source the effective pixel size gets reduced resulting in an increased spatial resolution, as illustrated in Figure 2 . One drawback in this application is the significantly smaller field of view. Another problem is the source magnification effect. If the sample is positioned closer to the source, the source magnification factor M s = b/a increases, which means that the projection is blurred by a magnified version of the original source intensity profile.
A more sophisticated method to increase the spatial resolution by taking multiple sub-pixel shifted images of the same scene is the super-resolution approach. Advanced algorithms to reconstruct the high resolution image from the low resolution images are needed, 9 but problems such as source blurring can be avoided since a sample position with less geometric magnification and thus further away from the source can be chosen.
SUPER-RESOLUTION IMAGE RECONSTRUCTION
The setup configuration depicted as Position B in Figure 2 , which is located further away from the source, is used for super resolution imaging in this study. Compared to Position A this configuration is less influenced by source blurring but has a doubled effective pixel size. To achieve high spatial resolution super-resolution reconstruction is used. In the demonstrated results 2x2 oversampling is applied, which means that four low resolution images are acquired during the measurement as illustrated in Figure 3 .
After regular processing and signal extraction of all low resolution (LR) stepping scans belonging to one projection angle a reconstruction algorithm is applied to calculate the high resolution (HR) image. The presented implementation follows a super-resolution reconstruction method called iterative back-projection (IBP). 10 The principle has similarity to back-projection used in tomography. In this approach, the HR image is estimated by back-projecting the error (difference) between simulated LR images and the measured LR images. This process is repeated iteratively to minimize the error. 9 The iterable algorithm is schematically depicted in Figure 4 . The IBP algorithm can be expressed bŷ
wherex n represents the generated high resolution image after iteration n,ŷ n k = W kx n the simulated low resolution image at oversampling position k, and y k is the corresponding measured LR image. Here, W k is the physical model for the forward projection. System properties such as the PSF can be implemented into this model for a better simulation result. The errors y k −ŷ n k are back-projected using the kernel h BP .
:
EXPERIMENTAL RESULTS
Both presented setup configurations depicted in Figure 2 achieve an effective pixel size of 28 to 29 μm. As described in section 4 for the sample position B several low-resolution images are combined to one high-resolution image using the IBP-algorithm.
An exemplary measurement of a fixated liver tissue sample in both geometries allows comparison of the imaging results. Despite the sample position the rest of the setup was left unchanged during the data-acquisition of the presented measurements. In the setup configuration using geometric magnification to achieve the 28 μm effective pixel size the source magnification factor enlarges the impact of the systems point-spread-function. This is the main reason for the blurred tomographic reconstruction result depicted in Figure 5 . This is a common artifact well known from micro-CT systems which most often use geometric magnification for their high-resolution imaging results.
To reduce the impact of the source magnification factor the sample position needs to be shifted away from the source and closer towards the detector. This has already been discussed in Figure 2 . The benefit of this setup modification is a strongly reduced impact of the extended source profile however the reachable effective-pixel-size is also reduced and therefore can no longer compete with the initial measurements at the sample Position A.
To compensate for this decrease in spatial resolution multiple measurements of the same rotation-step are performed with slightly shifted sample position perpendicular to the beam-axis. The procedure has been depicted in Figure 4 .
After the measurement the data is combined to on high resolution set of data and reconstructed using the IBP algorithm as it has been discussed in Section 4.
An analogue measurement to the geometric magnification case in Figure 5 was performed at the sample Position B with the sample and the setup being unchanged during both measurements. After applying the IBP reconstruction and the tomographic reconstruction it can be shown that the resulting image quality is increased.
The Super-Resolution-Reconstruction data shows more tissue details than the data set which was generated from the geometric magnification setup. In Figure 6 the same tomographic slice of the fixated liver tissue sample is shown as it was discussed in Figure 5 . By comparing both results the increase in detail sharpness and contrast enhancement stands out.
Besides getting an improvement in spatial resolution it is important that the measured data can also be used for quantitative analysis methods. While geometric magnification does not interfere with the nature of quantitative values after the reconstruction it is not clear that the IBP super-resolution-reconstruction step also keeps the quantitative values.
As one can see in the two demonstrated data-sets in Figures 5 and 6 the used color-bars are identical and the samples gray-values are comparable. Therefore the impact of the IBP algorithm on the quantitative data is minimal and can be neglected. Due to the high source magnification factor the influence of the extended PSF in the geometric magnification approach cannot deliver the spatial resolution which can be obtained by super-resolution reconstruction.
The increase in quality is therefore based on the chosen sample position and the used oversampling reconstruction method. For the oversampling sample position the source magnification factor is 0.34, which means that the PSF for this setup geometry is about five times smaller than at the magnification sample position. This sharpened PSF leads to almost no blurring of the low resolution images.
Further measurements confirm qualitatively that also the sensitivity of the setup is not affected by application of the super-resolution reconstruction. High sensitivity of the interferometer by optimized geometry and gratings are crucial parameters as well as the reliable stability of the setup.
CONCLUSION
The measurements verify that super-resolution reconstruction methods such as IBP can be directly applied on differential phase-contrast measurements. By optimization of the measurement concerning the geometry and the PSF higher spatial resolution than with conventional geometric magnification can be obtained. An effective pixel size of around 28 μm has been demonstrated in this study.
Combining the high sensitivity of the setup with the high resolution approach enables a setup at a laboratory X-ray source, which can usually only deliver high-resolution data-acquisition, for ultra-high-resolution measurements. It can been shown that by the application of SIR the data acquisition time can be significantly reduced to an extend which is practicable for use in biological, medical, and material science studies.
In conclusion it can be shown that PC-CT is suitable for application of super-resolution reconstruction to gain resolution without loss in sensitivity. These results at a non-synchrotron setup allow for promising expectations in biological, medical, and material science studies where high resolution is needed to be able to get insight into recent and future research topics.
